The identification and quantification of bisphenol A (BPA) in wastewater (WW) and wastewater sludge (WWS) is of major interest to assess the endocrine activity of treated effluent discharged into the environment. BPA is manufactured in high quantities fro its use in adhesives, powder paints, thermal paper and paper coatings among others. Due to the daily use of these products, high concentration of BPA was observed in WW and WWS. BPA was measured in samples from Urban Community of Quebec wastewater treatment plant located in Quebec (Canada) using LC-MS/MS method. The results showed that BPA was present in significant quantities (0.07 µg L -1 to 1.68 µg L -1 in wastewater and 0.104 µg g -1 to 0.312 µg g -1 in wastewater sludge) in the wastewater treatment plant (WWTP). The treatment plant is efficient (76 %) in removal of pollutant from process stream, however, environmentally significant concentrations of 0.41 µg L -1 were still present in the treated effluent. Rheological study established the partitioning of BPA within the treatment plant. This serves as the base to judge the portion of the process stream requiring more treatment for degradation of BPA and also in selection of different treatment methods. Higher BPA concentration was observed in primary and secondary sludge solids (0.36 and 0.24 µg g -1 , respectively) as compared to their liquid counterpart (0.27 and 0.15 µg L -1 , respectively) separated by centrifugation. Thus, BPA was present in significant concentrations in the WWTP and mostly partitioned in the solid fraction of sludge (Partition coefficient (K d ) for primary, secondary and mixed sludge was 0.013, 0.015 and 0.012, respectively).
Introduction
The distribution and abundance of plastic particles in the environment has rapidly increased, and the adverse effects of organic compounds that leach from the plastic debris on aquatic animals have been lately of great concern. Some of these compounds also referred to as endocrine disrupting compounds (EDCs) have the potential to cause serious effects on wildlife and human health, at very low concentrations. Bisphenol A (BPA) has been identified as EDC by U.S Environmental Protection Agency (EPA), World Wide Fund for Nature (WWF). 1, 2 BPA is released into the environment either through sewage treatment effluent, 3 landfill leachate (via hydrolysis of BPA from plastics 4 ), or natural degradation of polycarbonate plastics. Sewage effluent and landfill leachate are point sources of BPA in the environment, fragments of epoxy resins and polycarbonate plastic debris entering the watershed through runoff are non-point sources. Industrial releases of BPA to the environment are likely to come from wastewaters and washing residue produced during production and processing of products, fugitive dust freed during handling and minor volatilization losses during manufacturing. 5 BPA may enter the environment through possible physical and chemical breakdown during disposal and recycling operations within wastewater treatment plants (WWTPs) and also by release from manufacturing industries. Table 1 2, 6 presents physico-chemical characteristics of BPA and its uses in different manufacturing industries. This suggests the important use of this chemical in various industrial activity.
One of the main sources of BPA is untreated urban wastewater and WWTP effluents. 3 Most current WWTPs are not designed to treat emerging contaminants including BPA. As a result high portion of emerging contaminants including BPA and their metabolities can escape elimination in WWTPs and enter the aquatic environment via sewage effluents. Various studies have been already carried out to remove BPA in wastewater. 2 The behavior and removal of BPA within WWTP depends on its physicochemical properties and on WWTP configuration and operation. Major removal pathways of BPA in sludge include: i) adsorption to the sludge, ii) biological degradation and transformation. 6, 7 Recently, considerable interest has been shown in the identification, trace concentration analysis and degradation of BPA in aqueous environment due to advances in analytical techniques. [8] [9] [10] BPA concentrations present in sewage sludge could be released to soil through the application of sludge biosolids to agricultural lands. 5 The draft assessment report submitted by Canada Gazette to Health Canada concluded that BPA can cause harmful effects to aquatic organisms with chronic exposure at levels below those usually seen with brief low-dose exposure, particularly at sensitive developmental stages to subsequent generations and by using more than one mode of action. 11 Thus, the identification and quantification of BPA in wastewater (WW) and wastewater sludge (WWS) is of major interest to assess the endocrine activity of WWTPs discharged into the environment and to identify the processes that are more effective in reducing the environmental impacts associated with the pollutant.
Moreover, most of the studies so far have confirmed the presence of BPA in WW and WWS [12] [13] [14] [15] and performed mass balance by only concentrating on the total samples, neglecting the partitioning in solid and liquid fraction which is an important entity for fate of BPA within WWTPs. Additionally, all studies have so far related the presence of BPA to physicalchemical-biological processing and not taking into account the rheology of the fluid streams in WWTPs. Rheology, comprising apparent viscosity and particle size affect the removal of BPA from WWS as decrease in viscosity and particle size during different treatment steps of WWTPs enhance BPA adsorption and desorption and thus degradation. The decreased particle size can also improve access of by microbial enzymes to BPA favoring biodegradation of pollutant in biological treatment steps. In fact, lower particle size and viscosity have been known to enhance the biodegradation of wastewater sludge. 16 Thus, in present study, the presence of BPA in the process streams and residues of a WWTP in Quebec, Canada was investigated. The study involved: i) quantification of BPA in raw samples of influent, grit influent, effluent, primary, secondary, mixed and dewatered sludge; ii) quantification of BPA in solid and liquid fraction of each sludge to estimate partitioning of BPA into two compartments; iii) estimation of the amount of BPA released in the treated effluent and process residues; and d) effect of rheology of WW samples on BPA removal/degradation in WWTP.
Experimental
Chemicals and standards BPA (98% purity assay) was obtained from Sigma-Aldrich (Ontario, Canada). HPLC-grade methanol (MeOH), dichloromethane (DCM), acetone and chloroform, used for cleaning and extraction purposes, were purchased from Fisher Scientific (Ontario, Canada). OASIS HLB 5cc 200 mg LP glass cartridges used for solid phase extraction (SPE) clean-up was purchased from Waters (Milford, MA, USA). Acetic acid and sulfuric acid were supplied by Fisher scientific (Ontario, Canada). HPLC grade water was prepared in the laboratory using a Milli-Q/Milli-RO Millipore system (Milford, MA, USA).
Description of WWTP
Samples were collected from Quebec Urban Community (CUQ) wastewater treatment plant (Beauport, Quebec city, Quebec, Canada) which receives wastewater originating from domestic zones, industries, commercial enterprises and institutions present in the city. The eastern station of WWTP serves a population of 528,016 (2006 estimate) and has a treatment capacity of 400,000 m 3 day -1
. 17 It processes wastewater from a 130 km long regional network of sewer interceptors and collectors equipped with 19 pumping stations. This station serves Beauport, Vanier, part of Charlesbourg and Quebec City proper. The station eastern is equipped with 4 mechanical rake-cleaned bar screens, 5 aerated grit chamber, 7 laminar clarifiers, 30 biofilters and 5 disinfecting channels with 8480 ultraviolet lamps. The CUQ treatment plant accomplishes primary and physical-chemical treatment of sewage before discharging the treated water into the SaintLawrence River. In phase one, primary and secondary sludge produced during primary and secondary settling of wastewater is forwarded to station East's four sludge thickeners. The proportion of solid matter in the sludge rises from 1% to 5%. In phase two, the sludge is transformed into dry matter at the treatment plant located at the CUQ incinerator, prior to it is burnt with urban garbage. The sludge is dewatered by a band filter system that produces sludge with a 25% (w/w) level of solid content. Floating matter consisting of oil, grease and scum is skimmed from the surface of grit chamber by using a process that introduces air into the water contained in the tanks. An anionic acrylamide polymer is injected at the exit of the grit chamber to agglomerate the destabilized particles for flocculation, which rapidly sediment in the clarifiers. Figure 1 represents a schematic of the treatment process and the different sampling locations.
Sample collection and analysis
Grab sampling was done over a period of 3 months covering summer and winter months. In total 36 samples (3 samples × 4 weeks × 3 months) were collected from each sampling point (same water body was sampled along the treatment plant processes and samples were taken from each sampling point on the same day) and analysis was carried out in triplicates. Samples were collected in pre-cleaned glass amber bottles with aluminum foil-lined caps and stored under dark conditions at 4±1°C. The samples were subject to different analysis including BPA within two to three days to avoid degradation or transformation of native samples.
General wastewater quality data describing the grit, primary, secondary, mixed thickened, dewatered sludge, influent and effluent during the sampling period are presented in Table 2 . Mixed thickened sludge comprised 60% primary sludge and 40% secondary sludge. Analysis of pH, total solids (TS), suspended solids (SS), volatile solids (VS), volatile suspended solids (VSS), total and soluble chemical oxygen demand (TCOD and SCOD), ammonia-nitrogen, phosphate, total and soluble organic carbon (TOC and SOC) and alkalinity were carried out as per the Standard Methods. 18 Sample preparation for BPA analysis
General
The overall scheme of the analytical procedure used for the determination of BPA in wastewater (influent, grit influent, effluent and liquid fraction of sludge [grit liquid, primary sludge liquid, secondary sludge liquid and mixed thickened sludge liquid)], sludge (primary sludge, secondary sludge, mixed thickened sludge and dewatered sludge) and solid fraction of sludge (grit residue, primary sludge solid, secondary sludge solid and mixed thickened sludge solid) is shown in [page 11] Figure 2 . The liquid fraction of sludge was separated from the solid fraction by centrifugation at 7650 x g for 15 min followed by filtration of liquid fraction by acetone-washed 2 µm glass-fiber (Fisherbrand G6 filter circles, Fischer Scientific, Ontario, Canada) in order to remove all colloids and small particles from liquid fraction.
Article
.87±23 0.56±26 SCOD ( g L -1 ) 0.20±18 0.8±12 0.97±19 0.88±9 0.80±38 0.13±50 Ammoniacal nitrogen ( g L -1 ) 0.007±2.50.005±9 0.11±4 0.17±11 0.1±18 0.003±1.3 Phosphorus ( g L -1 ) 0.003±0.8 0.10±3 0.023±12 0.311±7 0.663±15 0.001±0.5 TOC ( g L -1 ) --- 26±8 783±18 282±10 368±14 --- SOC ( g L -1 ) 0.16±3 0.08±1.
Solid samples (including sludge)
Sludge and solid fraction of sludge were frozen using liquid nitrogen prior to lyophilization by the freeze-dry system (Dura Freeze Dryer, Kinetics). About 0.5 grams of lyophilized and homogenized sample was transferred to a glass tube and 20 mL of dichloromethane-methanol (7:3, v/v) was added to the tube. The extraction was carried out by microwave assisted extraction method (MARS microwave extractor, CEM Corporation, North Carolina, USA). This system allowed up to 14 extraction vessels to be irradiated simultaneously. Microwave power was 1200W (100%) and the extraction was performed in a temperature-controlled mode. The extraction temperature was 110±1°C and programmed as follows: ramp to 110±1°C for 10 min, holding at 110±1°C for 10 min. The extract was separated by centrifugation at 7650 x g for 15 min and the procedure was repeated three times. The extracts were combined, concentrated to an approximate volume of 1 mL with gentle stream of nitrogen and redissolved in 100 mL of HPLC grade water.
Wastewater sample preparation
Wastewater samples constituting dissolved and particulate matter (250 mL each) were filtered through an acetone-washed 2 µm glass-fiber (Fisherbrand G6 filter circles, Fischer Scientific, Ontario, Canada). About 100 mL of filtrate was taken and acidified with 1M acetic acid buffer (pH 5.0). 19 The extraction of WW sample was performed in the similar manner as the clean-up method of sludge, described below.
Clean-up
Solid phase extraction (SPE) method was used for clean-up and pre-concentration of extract. OASIS HLB 5cc 200 mg LP glass cartridges were fitted in the vacuum manifold (Welch, USA) which was connected to a vacuum pump (Welch Rietschle Thomas, USA) to dispense samples through the cartridges. Cartridges were pre-conditioned by passing 7 mL of methanol and 3 mL of HPLC water at a flow rate of 1 mL min -1 . Sludge extract, solid fraction of sludge extract and WW (100 mL each) were passed at a flow rate of 5 mL min -1 . After pre-concentration, the sorbents were dried by using a vacuum system set at (-15) psi. The elution was performed by adding 2¥4 mL of methanol/dichloromethane (3:1, v/v) mixture to the cartridge at a flow rate of 1mL min -1 and giving it a wait time of 10 min in order to give enough duration of contact between the solvent and the adsorbed compounds. The extracts were later evaporated to dryness with a gentle stream of nitrogen and reconstituted with methanol to a final volume of 1 mL prior to Liquid Chromatography-Mass Spectrometry/Mass Spectrometry (LC-MS/MS) analysis.
LC-MS/MS analysis
LC-MS/MS analyses were performed on a TSQ Quantum Access (Thermo Scientific, Mississauga, Ontario) with a Finnigan surveyor LC pump equipped with a 120-vial capacity sample management system. The analytes were separated on a 3 µm, 100×2.1 mm Hypersil Gold C18 reverse phase column (Thermo Scientific, Peterborough). The sample injection volume was set at 10 µL.
A binary mobile phase gradient with water [A] and methanol [B] was used for analyte separation at a flow rate of 200 µL min -1 . The gradient was performed as isocratic 5% A and 95% B for 6 min.
Quantification and validation of the method
Quantitative LC-MS/MS analysis was carried out in negative ionization (NI) condition and in selected reactions monitoring (SRM) mode. The optimized operating conditions of LC-MS/MS are presented in Table 3 .
Quantification of BPA was performed by the internal standard method based on peak areas and relative retention time, using BPA d16 as internal standard. Four to six-point calibration curves were constructed from the analysis in the SRM mode of WW and WWS samples spiked with the standard mixture of BPA at concentrations ranging between 0.04 to 20 µg L -1 . Calibration curve was obtained using linear regression analysis and the established concentration range gave good correlation coefficients (r 2 >0.999).
For estimation of the accuracy and the repeatability of the method, BPA at a concentration of 1.0 µg L -1 for influent, grit influent and 0.2 µg L -1 for effluent, 0.2 µg g -1 and 0.4 µg g -1 for sludge and solid fraction of sludge was spiked. The accuracy of the method was calculated from the areas obtained in the analysis of the spiked samples as a percentage of those obtained in the analysis of a standard solution with an equivalent concentration. The withinday method repeatability was expressed as the relative standard deviation of the ratio of BPA peak area to BPA-d16 area, obtained in the same approach. Limit of detection (LODs) were defined as the concentration of a compound giving a signal-to-noise ratio of 3.
Recoveries were evaluated in WW, WWS and solid fraction of sludge by analyzing five replicates and then applying the following equation:
recovery ( In order to investigate the influence of the sludge sample matrix on quantitation of BPA by LC-MS/MS, apparent losses in recovery were carried out by preparing sample extracts, originated from sludges and solid fraction of sludge. The sample extracts were divided into two equal aliquots (subsample A and B). Subsample A was spiked with 1.0 µg L -1 of BPA and subsample B was used to determine the background (nonspiked) concentrations of BPA. By comparing the responses for BPA in the two subsamples to the responses for the BPA in an external standard (5 µg L -1 ) using LC-MS/MS, the ion suppression was determined, by using Equation:
Ion suppression (%)= [1-(A c -B c ) ]/S c ¥100 2 where, A c , B c , and S c represents peak areas of BPA in subsample A, subsample B, and the analytical standard (S), respectively. In order to confirm whether a higher matrix burden is affecting the extraction on SPE material due to competing matrix components, sludge and solid fraction of sludge samples were spiked with BPA prior to SPE and LC-MS/MS analysis. The experiment was carried out in triplicates.
Rheology study Viscosity
Viscosity of wastewater, different sludges and sludge solids were measured by using a rotational viscometer Brookefield DVII PRO+ (Brookfield Engineering Laboratories, Inc., Stoughton, MA, USA) equipped with Rheocalc32 software. Two different spindles, namely, SC-34 (small sample adaptor), and ultralow centipoise adapter were used with a sample cup volume of 18 mL/50 mL (spindle dependent). The gaps between spindle and respective sample chamber were 1.235 and 4.830 mm, respectively, for ultralow (viscosity range, 1.0-30 mPa s), and small sample (viscosity range, ≥30 mPa s) adapter spindle to accommodate sludge flocs. The calibration and viscosity testing procedure for each spindle was carried out as per the instrument manual. The viscosity data acquisition and analysis was carried out using Rheocalc V2.6 software, (B.E.A.V.I.S. -Brookfield Engineering Advanced Viscometer Instruction Set). All measurements were done at 25±1°C and viscosity was referred to as apparent viscosity.
Particle size analysis
Particle size analysis was carried out by using Fritsch Laser particle sizer analysette 22, which is based on LASER diffraction principles. The stirrer and recirculation pump speed were also kept moderate at 250 and 500 rpm, respectively to minimize the damage of sludge particles. For analysis, each sample was diluted approximately 400-fold in tap water and analyzed in triplicate. This method is based on the principles of Fraunhoffer diffraction and Mie scattering. The results were then averaged to produce the particle size distribution, and the readings were recorded as particle volume percent in 51 discrete particle ranges between 0.1 to 1000 µm. Floc disruption at D43 (volume mean diameter) analogous to the particle size expressed as diameter 43% size distribution cutoff points was chosen as average particle size as it showed the volume mean diameter. As the sample used is in the liquid form, calculation of distribution based on volume mean as the number mean accurately reflects where the mass or volume of system lies.
Statistical analysis
All data presented in Table 2 , 4, 5 and Figure  3 are representative of at least three independent experiments with all samples measured in triplicates within each experiment. Repetition of statistical results was carried out using Statistical 6.0 software for Windows by employing the Student's t-test.
Results and Discussion
Recoveries and detection limit BPA was extracted in complex aqueous matrices, by using three types of elution with solvents of different polarity or their combination, such as methanol/dichloromethane (9:1, v/v) 20 dichloromethane/methanol (7:3, v/v) 19 and dichloromethane/hexane (4:1, v/v) 21 were tested in the SPE clean-up method. The experiments were conducted with five numbers of replications. The results showed higher recovery of BPA with a solvent mixture of methanol/dichloromethane (9:1, v/v), during the clean-up method used in this experiment. The recovery of BPA was determined by spiking 1.0 µg L -1 for influent, grit influent and 0.2 µg L -1 for effluent and liquid fraction of sludge. In the case of sludge and solid fraction of sludge, 0.2 µg g -1 and 0.4 µg g -1 of BPA was spiked, respectively. Results obtained are shown in Table 4 . Recoveries ranged between 90 and 110% for WW samples and between 85 and 97% for sludge and solid fraction of sludge, respectively, which demonstrated the validity of the proposed method to analyze WW and WWS samples. It was observed that the lower recovery in sludge and sludge solid samples as compared to wastewater samples was due to the losses by matrix and ion suppression within the SPE method and interface of mass spectrometer respectively. The observed losses due to ion suppression varied between 5-10%.
Repeatability of the method was considered satisfactory, with relative standard deviations varying from 5-12%.The instrumental detection limits (IDL) were performed by consecutively injecting 10 times 2.5 pg of BPA on the column. Limit of detection (LOD) was calculated from IDL,22 by considering the amount of sample extracted, the volume of extract analyzed and the recovery rate obtained from a parallel assay of spiked sample. The method's LOD for BPA was 4 ng L -1 for wastewater sample and 160 ng kg -1 for sludge and solid fraction of sludge sample.
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Occurrence of bisphenol A
As shown in Table 4 , BPA was detected in all the process streams of the wastewater treatment plant. It was detected at the highest concentration in the influent where a concentration of 1.68 µg L -1 was observed. A study by Jackson and Sutton 23 on source of endocrine disrupting compounds showed a higher concentration of BPA in the influent of the Oakland wastewater treatment plant. The higher concentration of BPA in influent suggests that the sources of BPA in urban wastewater are very significant. Under the sampling conditions of this study, since no precipitation was recorded in the region served by the municipal sewer system in the days preceding the sampling, the flows mainly consisted of domestic, commercial and industrial discharges. Based on moderate water solubility and low vapor pressure, wastewater and washing residue generated during production and processing of application materials, such as polycarbonates and epoxy resins were the most likely industrial sources of release of BPA.
Recycling paper products, such as toilet paper (contributing significantly to wastewater) was considered as a major source of BPA in wastewater 24 that originates principally from residential region compared to industrial and commercial discharges. The concentration of BPA in grit influent was less as compared to influent. This is mainly due to the presence of preliminary steps in WWTP which includes screening, oil removal and removal of all particles of sand and floating matter where BPA can be adsorbed. 
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±refers to standard error, no. of replicates = 5, D 43 : Volume mean diameter, 10% ≤ refers to 10% of total particle have a size less than equal to the value, 50% ≤ refers to 50% of total particle have a size less than equal to the value, 100% ≤ refers to 100% of total particle have a size less than equal to the value.
The concentration of BPA observed in wastewater is in agreement with Lee et al., 12 who reported BPA at µg L -1 levels, in the wastewater samples of many commercial laundries as well as final effluents of WWTP in Canada. The concentration underwent a significant reduction in effluent (0.41 µg L -1 ) during the course of treatment stages, indicating that BPA is efficiently removed from wastewater. The low vapor pressure of BPA (8.7×10 −10 to 3.96×10 −7 mmHg) indicated its poor volatilization during the treatment process, thus confirming the fact that the different stages of treatment within the WWTP were capable of removing the pollutant from the contaminated media. The report issued by Environment Canada stated that the average reduction of BPA in Canadian sewage treatment plants, based on a study of 36 facilities in 2000 is 68%, with reduction of over 50% requiring secondary waste treatment processes.
Among the four liquid fractions of sludge (grit liquid, primary sludge liquid, secondary sludge liquid and mixed thickened sludge liquid), BPA was detected at highest concentration in grit liquid and lowest in secondary sludge liquid. The higher concentration of BPA in grit liquid was due to high concentration of BPA observed in grit influent. Among the three type of sludge liquid, the higher concentration of BPA was observed in primary sludge liquid. However, the concentration detected in the liquid fraction of sludge was found to very low as most of BPA was removed with the solids. The concentration of BPA in primary sludge liquid was higher (Table 4) due to the higher solid concentration (Table 2 ) as compared to the secondary and mixed sludge liquid. As the mixed sludge contained both primary and secondary sludge, the concentration of BPA detected was found to be more as compared to secondary sludge liquid. A relatively high octanol-water partition coefficient (log K ow = 2.3-3.82) of BPA 25 suggests that BPA is strongly associated with oily solids and droplets suspended in the wastewater. It might be the reason for detection of higher concentration of the compound in primary sludge liquid. During primary treatment, there is addition of coagulant, and hence removal of compound occurs, so that the detected concentration in secondary sludge liquid is lower.
BPA was detected in all types of sludge and sludge solids. Among the four types of sludge (primary sludge, secondary sludge, mixed thickened sludge and dewatered sludge), the highest concentration of BPA was found in primary sludge and lowest in secondary sludge. In an earlier study, 26 the concentration of BPA in raw sludge was reported as 0.10 and 0.13 µg g -1 in Quebec City. The higher concentration of BPA detected in primary sludge was due to higher solids concentration as the compound is adsorbed on solids due to high log K ow value and hydrophobic nature. The concentration of BPA in secondary sludge was reported less as compared to primary sludge as physical-chemical treatment resulted in removal of compound via adsorption onto solids. For example, it has been reported that adsorption of organic compounds onto solids is the most important mechanism of removal during primary treatment for compounds with higher log K ow values. 6 The concentration of BPA observed in mixed thickened sludge was found to be higher as compared to secondary sludge as the mixed thickened sludge contained both primary sludge (higher %) and secondary sludge. The concentration of BPA observed in dewatered sludge was 0.27 µg g -1
. The concentration of BPA observed in primary sludge and dewatered sludge, showed that the different stages of treatment within the treatment plant were not equally capable of removing the pollutant from sludge.
Among the solids fraction of sludge (grit residue, primary sludge solid, secondary sludge solid and mixed sludge solid), the highest BPA concentration (0.36 µg g -1 ) was detected in primary sludge solids. The concentration of BPA observed in mixed thickened sludge solid was higher as compared to secondary sludge solid as mixed sludge constitutes more percentage of primary sludge.
Estimation of daily mass flow
The estimation of daily mass flows of BPA is presented in Figure 3 . The results presented can be considered as preliminary estimates of mass balance which is a reasonable estimation of quantity BPA distributed in various streams of WWTP.
Approximately 580 g d -1 of BPA was received by WWTP. Following treatment, approximately 24% of BPA was discharged in the effluent into receiving surface water (Saint-Lawrence River). It can be seen that appreciable amounts (76%) of BPA was removed by physico-chemical treatment process. It is unequivocal that the WWTP in efficient for removal of BPA from aqueous phase. However, the small concentration of pollutant discharged to the river cannot be neglected as the aquatic compartment has been identified as the main compartment in which BPA may be found. 27 BPA is present in the effluent in environmentally important concentrations that may cause physiological effects in aquatic life. Meanwhile, BPA is known to have half-life of 3-6 d 28 which may cause its rapid removal from river, nevertheless a constant concentration is being added each day. Finally, there is a possibility of ingestion by aquatic organisms, such as invertebrates resulting in potential aquatic toxicity.
Study by Murray et al. 29 showed that in situ fetal exposure to 2.5, 25, 250 and 1000 μg BPA/kg body weight/day induced the development of ductal hyperplasias and carcinoma at postnatal day 50 and 95 in rats. These highly proliferative lesions have an increased number of estrogen receptor-α positive cell. Thus, fetal BPA exposure is sufficient to induce the development of preneoplastic and neoplastic lesions in the mammary gland in the absence of any additional treatment aimed at increasing tumor development.
Article
With respect to the analyzed solid residues, grit residues, secondary and mixed sludge solid did not represent an important output for BPA. In contrast, 4% of BPA was found in dewatered sludge, which was subsequently incinerated. The dewatered sludge from the CUQ WWTP is incinerated at approximately 900°C, which mineralizes the organic components. Hence, it is presumed that BPA would be absent from ash residues or else there is a possibility that Cl 2 will react with OH group of BPA to form dioxins (potential EDCs). In fact, phenols are known to form dioxins due to interaction of chlorine with -OH groups. 30 The reduction in sludge volume by incineration produces secondary environmental pollution and is cost intensive. Hence, if incineration was discontinued for beneficial end use of sludge such as land application (agriculture) and land spreading, the presence of BPA might raise question in sludge reuse with further possibility of contamination of groundwater aquifers.
Effects of rheology
Sorption and desorption are important factors in estimating the transport, transformation, degradation and fate of BPA in the environment. There have been a number of studies focused on the adsorption/partition behavior of BPA. 31 Meanwhile, sorption and desorption also become key parameters for its transport in WWTPs for both wastewater and sludge. Rheology is a parameter which aids in a better understanding of the flow properties of WW and sludge within WWTPs. Table 5 represents apparent viscosity of wastewater, sludges and solid fraction of sludge. Highest apparent viscosity was observed in primary sludge (197±7.3 mPa s) and the value suddenly decreased in secondary sludge (13±4.5 mPa s). The decrease in viscosity was mainly due to decrease in total solids concentration from primary sludge to secondary sludge. At higher solids content, structural units of the suspension is typically suggested to be larger in size and knitted close to each other. As particle concentration increases, a network of particles is formed with the number of interactions increasing rapidly with the volume concentration of particles and thus leading to increase in resistance to flow of sludge materials. 32 Therefore, as solids content increases, the viscosity increases and vice versa at constant shear rate.
The treatment processes within the WWTP will typically influence the rheological behavior by modifying overall sludge properties, including structure, strength and size of sludge flocs and sludge composition. BPA is hydrophobic which implies that the compound is strongly associated with sludge flocs.
As the size of the flocs decreases from primary sludge to secondary sludge, the apparent viscosity decreases. Thus, overall bioavailability and rates of biodegradation of sorbed BPA increases which may be the reason for decrease in observed concentration of BPA from primary to secondary sludge (0.312 µg g -1 to 0.104 µg g -1 ). The effect of different treatment processes within the treatment plant on rheological behavior is mainly attributed to hydromechanical shear forces which can disintegrate sludge aggregates and disrupt cells, thus breaking the microbial slurry where the particles constantly interact with each other that influence on decrease in viscosity.
In order to observe the partitioning of BPA, the apparent viscosity of sludge solids and sludge liquid were measured. The viscosity of sludge solids was higher as compared to sludge liquid in all three types of sludge as expected. The highest viscosity was observed in primary sludge solid (178 mPa.s) where the partitioning of BPA was also observed more in solid (0.36 µg g -1 ) as compared to its liquid part (0.275 µg L -1 ). Table 5 presents the volume particle size distribution (volume mean diameter) of influent, grit influent, primary, secondary, mixed thickened and dewatered sludge. The highest particle size was observed in primary sludge (158 µm) and the value decreased in secondary sludge (52.5 µm) and mixed thickened sludge (40.2 µm). The decrease in particle size in secondary and mixed thickened sludge was mainly due to different treatment process within the treatment plant. The decrease in particle size will thus result in large number of small particles per unit volume of the medium so that BPA was adsorbed on these larger surface flocs. Further, different microorganisms present within the medium will have improved access to BPA and finally favor biodegradation during secondary treatment. As a result, the BPA concentration observed in secondary sludge (0.104 µg g -1 ) and mixed thickened sludge (0.13 µg g -1 ) was less as compared to primary sludge (0.312 µg g -1 ), thus in direct correlation with the results. Results in the laboratory have demonstrated that BPA spiked pre-treated sludge (decrease in particle size) 33, resulted in enhanced growth of Rhizobium sp. which confirmed the earlier statement.
Hence, this study points to an urgent need for source control of BPA as there is continuous addition of BPA into the environment and despite some removals, the conversion is still questionable. Studies are being carried out in the laboratory in this regard to estimate the byproducts of BPA during various process streams and also during various pre-treatments.
Conclusions
This study demonstrated that BPA was present in influent, effluent, primary, secondary, mixed thickened and dewatered sludge in varying concentration (0.07 µg L -1 to 1.68 µg L -1 in wastewater and 0.104 µg g -1 to 0.312 µg g -1 in wastewater sludge) within the CUQ WWTP. The pollutant was discharged into SaintLawrence River at levels that may cause physiological effects in wildlife. However, the river water may also have a diluting effect, reducing BPA concentration and consequently the availability of pollutant for absorption by aquatic organisms. The treatment plant was able to accomplish the removal of BPA from the aqueous phase, but significant amount of 0.41 µg L -1 still remained in the treated process stream. In the case of wastewater sludge, a significant quantity of BPA (0.29 µg g -1 ) was present in dewatered sludge, questioning the reuse and recycle of the sludge.
The different treatment processes within the WWTP caused decrease in apparent viscosity, increase in solubilization, thus leading to more biodegradation of BPA due to enhanced mass and oxygen transfer. The decrease in particle size during different treatment steps resulted in formation of more number of small particles per unit volume of medium helping in higher adsorption of BPA to large surface flocs and improved biodegradation during secondary treatment.
